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Acid-sensing ion channels (ASICs), a novel class of ligand-gated cation channels activated by protons, are highly expressed in peripheral
sensory and central neurons. Activation of ASICs may play an important role in physiological processes such as nociception, mech-
anosensation, and learning-memory, and in the pathology of neurological conditions such as brain ischemia. Modulation of the activities
of ASICs is expected to have a significant influence on the roles that these channels can play in both physiological and/or pathological
processes. Here we show that the divalent cation Zn’*, an endogenous trace element, dose-dependently inhibits ASIC currents in
cultured mouse cortical neurons at nanomolar concentrations. With ASICs expressed in Chinese hamster ovary cells, Zn>" inhibits
currents mediated by homomeric ASICla and heteromeric ASIC1a-ASIC2a channels, without affecting currents mediated by homomeric
ASIC1, ASIC2a, or ASIC3. Consistent with ASIC1a-specific modulation, high-affinity Zn>" inhibition is absent in neurons from ASICla
knock-out mice. Current-clamp recordings and Ca*" -imaging experiments demonstrated that Zn>" inhibits acid-induced membrane
depolarization and the increase of intracellular Ca>*. Mutation of lysine-133 in the extracellular domain of the ASIC1a subunit abolishes
the high-affinity Zn>" inhibition. Our studies suggest that Zn > may play an important role in a negative feedback system for preventing

overexcitation of neurons during normal synaptic transmission and ASICla-mediated excitotoxicity in pathological conditions.
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Introduction

Decrease of extracellular pH (pH,) activates acid-sensing ion
channels (ASICs) in both peripheral sensory and central neurons
(Waldmann et al., 1997a; Krishtal, 2003). ASICs belong to the
amiloride-sensitive epithelial Na™* channel-degenerin super-
family of ion channels (Corey and Garcia-Anoveros, 1996; Wald-
mann et al., 1997a; Benos and Stanton, 1999). So far, four genes
encoding six ASIC subunits have been cloned. ASICla is ex-
pressed in both sensory and central neurons (Waldmann et al.,
1997a), whereas its splice variant ASIC1f3 is expressed only in
sensory neurons (Chen et al., 1998). Both ASICla and ASIC1f3
respond to low pH, by mediating a transient current with a pH,, 5
at ~6.0. In addition to being Na* permeable, homomeric
ASICla channels are also permeable to Ca*" (Waldmann et al.,
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1997a; Chu et al., 2002; Yermolaieva et al., 2004), whereas homo-
meric ASIC18 (or ASIC1b) has no Ca** permeability (Chen et
al., 1998; Bassler et al., 2001). ASIC2a is also expressed in periph-
eral sensory and central neurons (Price et al., 1996; Waldmann et
al., 1996; Garcia-Anoveros et al., 1997). Homomeric ASIC2a has
a low sensitivity to acid with a pH, 5 of ~4.4 (Price et al., 1996;
Waldmann et al., 1996; Lingueglia et al., 1997). ASIC2b, a splice
variant of ASIC2a, does not form functional homomeric chan-
nels (Lingueglia et al., 1997; Sutherland et al., 2001). ASIC3 is
expressed predominantly in nociceptive sensory neurons (Wald-
mann et al., 1997b; Sutherland et al., 2001). Homomeric ASIC3
responds to pH drops biphasically, with a fast desensitizing cur-
rent and a late sustained component (Waldmann et al., 1997b; De
Weille et al., 1998). ASIC4 is highly expressed in pituitary gland
(Akopian et al., 2000; Grunder et al., 2000; Lilley et al., 2004).
Similar to ASIC2b, ASIC4 does not form functional homomeric
channels.

In sensory neurons, ASICs are implicated in nociception
(Krishtal and Pidoplichko, 1981; Bevan and Yeats, 1991; Benson
etal., 1999; McCleskey and Gold, 1999; Yiangou et al., 2001; Chen
et al., 2002; Ugawa et al., 2002; Krishtal, 2003; Sluka et al., 2003;
Voilley, 2004), mechanosensation (Corey and Garcia-Anoveros,
1996; Price et al., 2000, 2001; Garcia-Anoveros et al., 2001), and
taste transduction (Lindemann, 1996; Lin et al., 2002; Ugawa,
2003; Ugawa et al., 2003). In central neurons, ASICs are involved
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in synaptic plasticity, learning—-memory (Wemmie et al., 2002),
and fear conditioning (Wemmie et al., 2003, 2004), and in the
pathology of neurological conditions such as seizures and brain
ischemia (Biagini et al., 2001; Johnson et al., 2001). Because of its
Ca** permeability, ASICla is involved in acidosis-mediated cell
death and ischemic brain injury (Zhu et al., 2001; Xiong et al.,
2004; Yermolaieva et al., 2004). ASIC2a is involved in the main-
tenance of retinal integrity (Ettaiche et al., 2004).

Recent studies have demonstrated that the activities of ASICs
can be modulated by various endogenous signaling molecules;
for example, ASIC currents are potentiated by neurochemical
components associated with tissue inflammation (Askwith et al.,
2000; Catarsi et al., 2001; Mamet et al., 2002; Deval et al., 2003)
and ischemia (Immke and McCleskey, 2001; Allen and Attwell,
2002). So far, the reported modulations by endogenous mole-
cules almost exclusively enhance the activation of ASICs. Here we
demonstrate that Zn>*, an endogenous trace element released
during neuronal activity (Assaf and Chung, 1984; Howell et al.,
1984), is a potent negative modulator of ASICs.

A preliminary report of this work has been published previ-
ously (Chu et al., 2003a).

Materials and Methods

Primary cortical neuronal cultures. Primary cultures of mouse cortical
neurons were prepared according to previously described techniques
(Chu et al., 2003b). The use of mice for neuronal cultures was reviewed
and approved by the Institutional Animal Care and Use Committee of
Legacy Clinical Research and Technology Center. Briefly, time-pregnant
(embryonic day 16) Swiss mice and postnatal day 1 (P1) C57BL/6,
ASIC1, and ASIC2 knock-out mice were anesthetized with halothane
followed by cervical dislocation. Brains of fetuses or P1 mice were re-
moved rapidly and placed in Ca?"- and Mg?" -free cold PBS. Cerebral
cortices were dissected and incubated with 0.05% trypsin-EDTA for 10
min at 37°C, followed by trituration with fire-polished glass pipettes, and
plated in poly-L-ornithine-coated 35 X 35 mm culture dishes at a density
of 1 X 10° cells per dish. Neurons were cultured with Neurobasal me-
dium supplemented with B27 and maintained at 37°C in a humidified
5% CO, atmosphere incubator. Cultures were fed twice a week and used
for electrophysiological recording 12—14 d after plating.

Acute isolation of mouse cortical neurons. Mouse cortical neurons were
acutely isolated according to our previously described technique (Xiong
et al., 1999). Briefly, Swiss mice of 3—4 weeks were anesthetized with
halothane and decapitated using a guillotine. The whole brain was re-
moved and placed in cold extracellular solution (ECF) and subsequently
sectioned at 400 wm with a microtome (Leica VT 1000). The slices were
then incubated in ECF containing 0.3—0.5 mg/ml papain (from papaya
latex; Sigma, St. Louis, MO) at room temperature for 30 min. All solu-
tions were bubbled with 100% O,. After the enzyme digestion, slices were
washed three times and incubated in enzyme-free ECF for at least 30 min
before dissociation. For the isolation of cortical neurons, one slice each
time was transferred into a 35 mm culture dish containing 2 ml of ECF,
and the dish was placed on the stage of an inverted phase-contrast mi-
croscope. The cortical regions of the slices were cut out, and single cells
were mechanically dissociated using two fire-polished glass pipettes or
fine forceps. Electrophysiological recording of the isolated neurons be-
gan ~15 min after the mechanical dissociation.

Electrophysiology. Whole-cell patch-clamp recordings were performed
as described previously (Chu et al., 2003b). Patch electrodes, with resis-
tances between 3 and 5 M) when filled with intracellular solution, were
constructed from thin-walled borosilicate glass (1.5 mm diameter; WPI,
Sarasota, FL) on a two-stage puller (PP83, Narishige, Tokyo, Japan).
Whole-cell currents or membrane potentials were recorded using Axo-
patch 1-D amplifiers (Axon Instruments, Foster City, CA). Data were
filtered at 2 kHz and digitized at 5 Hz using Digidata 1320 DAC units
(Axon Instruments). The on-line acquisition was done using pPCLAMP
software (version 8, Axon Instruments).

In general, ASIC channels were activated by pH reduction every 2 min
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to avoid current desensitization. During each experiment, a voltage step
of —10 mV from the holding potential was applied periodically to mon-
itor the cell capacitance and access resistance. Recordings in which the
access resistance or the capacitances changed by >10% during the exper-
iment were not included in data analysis (Xiong et al., 1998).

Solutions and chemicals. Standard extracellular solutions (ECF) con-
tained (in mm): 140 NaCl, 5.4 KCl, 2.0 CaCl,, 1.0 MgCl,, 20 HEPES, 10
glucose, pH 7.4 (320-330 mOsm). For solutions with pH =6.0, MES was
used instead of HEPES for more reliable pH buffering (Chu et al., 2002).
For voltage-clamp recordings, the pipette solution contained (in mm):
140 CsF, 10 HEPES, 11 EGTA, 2 TEA, 1 CaCl,, 2 MgCl,, and 4 K,ATP,
pH 7.3 (300 mOsm). For current-clamp recording, CsF in the pipette
solution was replaced with KF. N,N,N’,N’-tetrakis-(2-pyridylmethyl)-
ethylenediamine (TPEN), EDTA, Zn>*-EDTA, Ca®"-EDTA, N-(2-
acetamido)iminodiacetic acid (ADA), diethylenetriaminepentaacetic
acid (DTPA), N-tris(hydroxymethyl)methylglycine (tricine), and ZnCl,
were purchased from Sigma (St. Louis, MO).

A multibarrel perfusion system (SF-77, Warner Instruments, Ham-
den, CT) was used to achieve a rapid exchange of extracellular solutions.

Buffered Zn>* solutions. For construction of Zn>" dose-inhibition
curves in the nanomolar concentration range, heavy metal chelators with
different Zn>" binding affinities were used according to a previously
described method (Amar et al., 2001). For buffering free Zn>" in the rage
of 3nMto 1 um, 10 mu tricine, a Zn>* chelator with moderate affinity
(Kp = 10 7> M) was used, and the free Zn>" was calculated using the
following equation: [Zn**]s.. = [Zn**],../200. For buffering free
7Zn>" in the range of 0.05-3 nM, 1 mm ADA, a 7Zn?" chelator with high
affinity (K = 107 M) was used, and the free Zn*" was calculated
using the following equation: [Zn?"],.. = [Zn*"],,./17,000 (Amar et
al., 2001). For all Zn*"-inhibition dose-response curves, a Zn>"-free
reference solution was made by adding 10 um TPEN, a strong Zn>*
chelator (K, = 10 '3 M), or 10 mm tricine to the solution without
added Zn>".

Transfection of Chinese hamster ovary cells. Chinese hamster ovary
(CHO) cells were cultured in F12 medium (American Type Culture Col-
lection, Manassas, VA) supplemented with 10% fetal bovine serum. At
~50% confluence, cells were cotransfected with DNA for various ASICs
and for green fluorescent protein (GFP) in the pcDNA3 vector (Invitro-
gen, San Diego, CA), using Fugene 6 transfection reagent (Roche Diag-
nostics, Indianapolis, IN). For each 35 X 35 mm culture dish, 0.75 ug of
cDNA for individual ASIC and 0.25 g of DNA for GFP were used. For
coexpression of ASIC1la plus ASIC2a, equal amounts of each cDNA (0.75
pg) were used. All recordings were made 4872 hr after plating. GFP-
positive cells were viewed under a fluorescent microscope for patch-
clamp recording.

Site-directed mutagenesis. ASICla point mutations were made using
the Quick-Change Site-Directed Mutagenesis System (Stratagene, La
Jolla, CA) in accordance with the manufacturer’s protocol. The primers
were obtained from Sigma-Genosys (The Woodlands, TX). Mutations
were confirmed by restriction enzyme digest and DNA sequence analysis.
In all cases, the entire ASICla ¢cDNA was sequenced to determine
whether any nonspecific mutations were introduced.

Ca’" imaging. Fura-2 fluorescent Ca®" imaging was performed as
described previously (Xiong et al., 2000, 2001). Cortical neurons grown
on 25 X 25 mm glass coverslips were washed three times with ECF and
incubated with 5 uMm fura-2-acetoxymethyl ester for ~40 min at room
temperature. Neurons were then washed three times and incubated in
normal ECF for 30 min. Coverslips with fura-2-loaded neurons were
transferred to a perfusion chamber on an inverted microscope (Nikon
TE300). Cells were illuminated using a xenon lamp (75 W) and observed
with a 40X UV fluor oil-immersion objective lens. Video images were
obtained using a cooled CCD camera (Sensys KAF 1401, Photometrics,
Tucson, AZ). Digitized images were acquired, stored, and analyzed in a
PC controlled by Axon Imaging Workbench software (AIW2.1, Axon
Instruments). The shutter and filter wheel (Lambda 10-2, Sutter Instru-
ment, Novato, CA) were also controlled by AIW to allow timed illumi-
nation of cells at either 340 or 380 nm excitation wavelengths. Fura-2
fluorescence was detected at an emission wavelength of 510 nm. Ratio
images of 340/380 were analyzed by averaging pixel ratio values in cir-
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cumscribed regions of cells in the field of view. The values were exported
from AIW to SigmaPlot for further analysis and plotting.

Data analysis. All data are expressed as mean * SEM. Student’s ¢ test
was used to examine the statistical significance of the difference between
groups of data. The criterion of significance was set at p < 0.05.

Results

Chelation of contaminating Zn>* potentiates ASIC currents
in cultured mouse cortical neurons

In all cultured mouse cortical neurons voltage clamped at —60
mV, a rapid reduction of pH, from 7.4 to 6.5 evoked a large
transient inward current, as described previously (Varming,
1999; Xiong et al., 2004). The peak amplitude of acid-activated
current increases with larger decreases in pH, and a maximal
current was activated by a pH decrease to 4.0. The amplitude of
acid-activated current decreases with more depolarized mem-
brane potential, with a reversal potential close to Na™ equilib-
rium potential (approximately +60 mV). The current is sensitive
to blockade by amiloride with an ICs,, value of ~15 uM (Xiong et
al., 2004). Previous studies also indicated that ASIC current in
cortical neurons is likely carried by a mixture of homomeric
ASICla, ASIC2a, and heteromeric ASICl1a—ASIC2a channels
(Xiong et al., 2004).

The potential effect of Zn>* on ASIC current in cortical neu-
rons was initially studied by adding Zn>* directly into the extra-
cellular solutions. Similar to a previous study performed in rat
hippocampal neurons (Baron et al., 2002), bath application of
high micromolar concentrations of Zn>* (100—-300 uMm) poten-
tiated ASIC current by ~50% in 38 of 64 neurons (data not
shown). This finding indicates that ASICs in more than half of the
cortical neurons contain the ASIC2a subunit. In the majority of
cortical neurons, however, addition of Zn** below 30 um had no
detectable effect (n = 12; data not shown), indicating the lack of
high-affinity Zn>" modulation of ASICs. Previous studies, how-
ever, have reported that most physiological solutions contain
contaminating concentrations of Zn** in the range of 20~50 nm
(Paoletti et al., 1997; Amar et al., 2001) or higher (Zheng et al.,
1998; Wilkins and Smart, 2002). The lack of effect by low micro-
molar Zn>" may also suggest that a high-affinity Zn>" binding
site or sites, if any, have already been saturated by contaminating
7Zn?" in the extracellular solutions. To test this hypothesis, we
examined the effect of TPEN, a high-affinity 7Zn** chelator (Ar-
slan et al., 1985; Paoletti et al., 1997), on ASIC currents. After
recordings of stable ASIC currents activated by pH reduction
from 7.4 to 6.5, various concentrations of TPEN were added to
the bath solutions. As shown in Figure 1, addition of TPEN above
0.3 uM dramatically potentiated ASIC currents in a dose-
dependent and reversible manner (Fig. 1A). A maximal potenti-
ation was achieved by 10 um TPEN with an approximately two-
fold increase in the amplitude of ASIC currents (control:
—1290.72 = 127.99 pA; TPEN: —2451.33 * 172.15 pA; n = 64;
p < 0.001). A detailed dose—response analysis revealed an EC,,
value of 2.3 = 0.36 um and a Hill coefficient of 1.1 = 0.01 for
TPEN potentiation of the current (n = 8) (Fig. 1 B). In most cells,
the maximal potentiation by TPEN can be reached within 2—4
min after perfusion of TPEN, and the effect is fully reversible after
a complete washout of TPEN. Adding TPEN (0.3-30 um) alone
to pH 7.4 solution does not activate any current on its own, and
coapplication of TPEN with pH 6.5 for 10 sec is not sufficient to
induce notable potentiation of the ASIC currents (data not
shown).
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Figure1.  Chelation of contaminatingZn ™ by TPEN potentiates the ASIC current in cultured
mouse cortical neurons. A, Representative traces showing concentration-dependent potentia-
tion of the ASIC current in cultured mouse cortical neurons by bath application of the high-
affinity Zn>* chelating agent TPEN. B, Dose—response curve for TPEN potentiation with an
average ECg, value of 2.3 = 0.36 wm and a Hill coefficient of 1.1 = 0.01; n = 8. (, TPEN
potentiates the ASIC current by inducing a leftward shift of pH dose—response curve for the
ASICs. In the absence of TPEN, the pH, s is 5.92 = 0.07; with 10 um TPEN the pH, 5 is 6.26
0.06; n = 5; p < 0.05.D, Representative traces showing the ASIC current activated at different
holding potentials ranging from — 60 to +40 mV in the absence and presence of 10 M TPEN.
Currents were activated by pH reduction from 7.4 to 6.5. F, Current—voltage relationship (/-
curve) before (@) and after 10 um TPEN (O); n = 5. Both curves were fit by a straight line with
reversal potential at approximately +60 mV.

Potentiation of ASIC current by Zn>* chelation is

PH dependent

We next determined whether potentiation of the ASIC current by
Zn** chelation depends on the level of pH,. pH dose-response
curves were generated before and after 10 um TPEN. As shown in
Figure 1C, application of TPEN induced a relatively larger poten-
tiation of the ASIC current at higher pH (e.g., 6.5) than at lower
pH (e.g., 5.0), resulting in a leftward shift of the pH dose-r-
esponse curve (pH, 5 before TPEN: 5.92 * 0.07; after 10 um
TPEN: 6.26 * 0.06; n = 5; p < 0.05). Hill coefficient was not
significantly affected by TPEN (before TPEN: 0.93 % 0.01; after
TPEN: 0.94 *= 0.01; n = 5; p > 0.05). The maximal current
recorded at pH 4.0 was not significantly potentiated by TPEN
(Fig. 1C, top). This finding suggests that potentiation of ASIC
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currents by TPEN is caused to a large extent by an increase in the
apparent affinity of ASICs to H ™.

We then examined whether TPEN potentiation of ASIC cur-
rents depends on the membrane potential. Currents were acti-
vated by pH reduction from 7.4 to 6.5 with membrane potential
held at different values. Addition of 10 um TPEN potentiated the
ASIC current to a similar extent at all potentials ranging from
—60 to + 40 mV, indicating the lack of a voltage-dependent effect
(Fig. 1D, E). In addition, the reversal potential of ASIC currents
remained unchanged in the presence of TPEN, suggesting that
TPEN potentiates ASIC currents without altering the Na ™ selec-
tivity of the channels.

Extracellular sites are involved in the potentiation of ASIC
current by Zn** chelation

TPEN was selected for its powerful Zn>" chelating properties but
poor Ca?* binding affinity (Arslan et al., 1985; Paoletti et al.,
1997); however, it is known that TPEN permeates readily biolog-
ical membranes. It is therefore not clear whether TPEN potenti-
ates the ASIC current by chelating extracellular Zn>" or whether
it enters the cell and potentiates ASIC currents by chelating in-
tracellular Zn>". To answer this question, we tested the effects of
several membrane-impermeant heavy-metal chelators, including
EDTA, DTPA, and ADA. Similar to TPEN, all three compounds
significantly potentiated the ASIC current (Fig.2A,B) (n=8;p <
0.01), suggesting that the potentiation of ASIC current is caused
by chelation of Zn*" on the extracellular side of the membrane.
To provide additional evidence, we also included 100 um EDTA
in the pipette solution to chelate intracellular Zn>* before testing
the effect of TPEN in the bath solution. After formation of whole-
cell configuration, up to 20 min was allowed for EDTA to diffuse
into neurons to chelate intracellular free Zn*". Then 10 um
TPEN was added to the bath solution to determine whether it
could still potentiate the ASIC current. As shown in Figure 2, C
and D, chelation of intracellular Zn?" with EDTA did not atten-
uate the potentiation of ASIC current by bath perfusion of TPEN,
further indicating an involvement of an extracellular site or sites
in Zn>* inhibition of the ASIC current.

To clearly demonstrate whether EDTA potentiates the ASIC
current through its Zn>" or Ca* chelating activity, we tested the
effects of Ca®"-EDTA, a heavy-metal chelator that does not bind
Ca**, and Zn*"-EDTA, a chelator that does not bind Zn>*. As
shown in Figure 2, E and F, bath perfusion of Ca*"-EDTA (30
uM) significantly potentiated the ASIC current; however, perfu-
sion of Zn2?"-EDTA had no effect on the current, further indicat-
ing that potentiation of the ASIC current by EDTA is caused by its
Zn>" chelating activity. Consistent with Zn>" chelation as the
mechanism underlying the potentiation of ASIC current by
heavy-metal chelators, addition of 30 um Zn>", which itself does
not affect the current in the majority of cortical neurons, blocked
the potentiation of ASIC current by TPEN (Fig. 2G,H) (n = 5).

A moderate decrease (e.g., ~0.3 mM) in extracellular Ca** is
known to potentiate ASIC3 current in cardiac sensory neurons
(Immke and McCleskey, 2001). This is unlikely to be the mech-
anism underlying EDTA-induced potentiation of the ASIC cur-
rent observed here, because EDTA has a poor Ca** chelating
affinity. With a total of 2 mm Ca** and 1 mMmMg? " present in the
extracellular solutions, addition of 30 uM EDTA is expected to
reduce unbound Ca*" and Mg** to 1.97 and 0.99 mm, respec-
tively. This reduction of Ca®" and Mg** is too small to induce a
visible increase in ASIC currents in cortical neurons (data not
shown).
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Figure 2. Chelation of the extracellular Zn** is responsible for potentiation of the ASIC

current. A, B, Representative current traces and summary data showing potentiation of the ASIC
current by the membrane-impermeable Zn>™ cheating agents EDTA, DTPA, and ADA. All three
agents induced more than a twofold increase in the amplitude of ASIC current; n = 8., D,
Chelation ofintracellularfree Zn 2 by inclusion of 100 um EDTA in the pipette solution does not
affect the potentiation of ASIC current by bath application of TPEN (10 wm); n = 4., F, Repre-
sentative current traces and summary data showing potentiation of ASIC current by Ca>* -EDTA
but not by Zn 2 EDTA; n = 5.6, H, TPEN potentiation of the ASIC current is reversed by the
presence of 30 mZn 2™, which by itself has no effect on the current in the majority of cortical
neurons; n = 5; **p << 0.01.

Chelation of Zn>* potentiates ASIC current in neurons
containing either homomeric ASIC1a or heteromeric
ASICla—-ASIC2a channels
ASICla and ASIC2a are the major ASIC subunits in neurons of
mammalian brain. ASIC currents in these neurons are believed to
be mediated by a combination of homomeric ASICla, ASIC2a,
and heteromeric ASIC1a—ASIC2a channels (Baron et al., 2002;
Askwith et al., 2004; Xiong et al., 2004). Because homomeric
ASIC2a has a low H " sensitivity and cannot be activated with a
pH drop from 7.4 to above 5.5, it is expected that currents acti-
vated by a pH decrease from 7.4 to 6.5 in cortical neurons are
mediated by either homomeric ASICla or heteromeric ASICla—
ASIC2a, or both. The next experiment was intended to determine
which ASIC subunit(s) is involved in Zn " inhibition of the ASIC
current in native neurons.

Because currents mediated by heteromeric ASIC1a—ASIC2a,
but not homomeric ASICla channels, are potentiated by high
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concentrations of Zn*" (Baron et al., 2001), we used Zn>" po-
tentiation as an indication of ASIC2a-containing channels in cor-
tical neurons. In 59.4% (38 of 64) of neurons recorded, addition
of 100 um Zn** induced a significant increase (~50%) of the
peak ASIC current activated at pH 6.5 (from —1513.13 £ 152.24
to —2247.66 = 208.06 pA) (Fig. 3A,B). Because homomeric
ASIC2a has a low acid sensitivity and is not expected to be acti-
vated at a pH of 6.5, the current activated at 6.5 and potentiated
by 100 um Zn>* is most likely carried by heteromeric ASICla—
ASIC2a. In these neurons, 10 um TPEN enhanced the peak cur-
rent from —1513.13 = 152.24 to —2432.77 *= 200.57 pA, an
increase of ~1.6-fold (Fig. 3A,B) (n = 38; p < 0.001). In the
remaining neurons (26 of 64), addition of 100 um Zn*" did not
potentiate the ASIC current, as expected for homomeric ASICla
(control: —939.61 * 202.65 pA; with 100 uMm Zn>": —859.00 +
194.83 pA; n = 26; p > 0.05). In these neurons, 10 um TPEN
dramatically increased the ASIC current from —939.61 = 202.65
to —2439.75 = 308.61 pA, an increase of nearly 2.6-fold (Fig.
3C,D) (n = 26; p < 0.01). These findings indicate that, in native
neurons, Zn>" chelation potentiates ASIC currents mediated by
both homomeric ASICla and heteromeric ASICla—ASIC2a
channels; however, potentiation of the current mediated by ho-
momeric ASICla channels is apparently greater.

Similar to cultured neurons, potentiation of the ASIC current
by TPEN was also observed in acutely dissociated cortical neu-
rons from adult mice (>4 weeks). As shown in Figure 3, E and F,
10 uM TPEN increased the peak current from —366.54 = 67.43 to
—500.60 * 87.85 pA in acutely dissociated cortical neurons (n =
7; p < 0.05).

Dose-dependent inhibition of ASIC current in cortical
neurons by buffered Zn>*

Concentration of contaminating Zn** in most physiological so-
lutions is estimated to be in the range of 20-50 nm (Paoletti et al.,
1997; Amar et al., 2001) or higher (Zheng etal., 1998; Wilkins and
Smart, 2002). Potentiation of ASIC currents by Zn*" chelating
agents suggests that Zn>" inhibits ASICs at nanomolar concen-
trations. To further test this hypothesis, we constructed a com-
plete Zn*" dose-inhibition curve with solutions containing buff-
ered concentrations of free Zn>* (see Materials and Methods). A
solution with 10 um TPEN or 10 mM tricine with no added Zn*™
was used as the “Zn*"-free” reference solution. Solutions with
various concentrations of buffered Zn " were then perfused onto
the cell to determine their effects on the ASIC current. As shown in
Figure 3, G and H, Zn*" dose-dependently inhibits ASIC currents
with an IC,, value of 14.2 = 0.36 nM and a Hill coefficient of 0.86 =
0.01 (n = 6). The inhibition of ASIC currents by Zn >~ is partial, with
a maximal inhibition of ~70% reached at >30 nm Zn>*. An addi-
tional increase in the Zn>" concentration (up to 30 wm; data not
shown) did not produce additional inhibition of the current.

Effects of Zn>* chelation on ASIC currents in neurons from
ASIC1 and ASIC2 knock-out mice
As mentioned above, ASICla and ASIC2a are the predominant
ASIC subunits in CNS neurons, and the overall ASIC currents in
cortical neurons are likely mediated by a combination of ASICla
and/or ASIC2a subunits. To further determine the role of each
subunit in high-affinity Zn>* inhibition of the ASIC current in
native neurons, we studied Zn?" inhibition of ASIC currents in
cortical neurons cultured from ASIC1 and ASIC2 knock-out
mice (Price et al., 2000; Wemmie et al., 2002).

In all cortical neurons from ASIC1—/— mice, no detectable
ASIC current was activated by pH drops from 7.4 to 6.0 (n = 52)
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(Xiong et al., 2004), similar to a previous finding in hippocampal
neurons (Wemmie et al., 2002). In 27 of 52 neurons, however,
inward currents were activated by reductions of pH to <5.5.
Detailed pH dose-response studies revealed a pH,.5 of 4.12 =
0.08 and a Hill coefficient of 0.99 * 0.03 (n = 3). Addition of
Zn** (100-300 uM) significantly potentiated the current in these
neurons (n = 7; data not shown). These findings suggest that
currents activated in ASIC1—/— neurons are most likely medi-
ated by homomeric ASIC2a channels. Perfusion of 10 um TPEN
to these neurons, however, did not potentiate the ASIC current
(Fig. 4A,B) (n = 7). In contrast to neurons from the ASIC1—/—
mice, all neurons from ASIC2—/— mice responded to pH 6.5
with a transient inward current. Addition of TPEN significantly
potentiated the ASIC current in these neurons (control:
—566.12 * 54.38 pA; 3 uM TPEN: —1216.96 = 83.54 pA; n =7)
(Fig. 4C,D). A complete Zn>* dose-inhibition curve was also
constructed in neurons from ASIC2—/— mice, yielding an ICs,
value of 4.95 = 0.58 nMm for Zn>" inhibition of the current (Fig.
4E,F) (n = 6).

Similar to the ASIC current in cortical neurons cultured from
Swiss mice, ASIC current in neurons from C57BL/6 mice, a wild-
type (WT) control with the same genomic background as the
ASIC knock-out mice, was also potentiated by TPEN (Fig.
4G,H), indicating that genomic background has no influence on
high-affinity Zn*" inhibition of the ASIC current.

High-affinity Zn>* inhibition of ASIC currents in CHO cells
Our studies in native neurons suggest that the ASICla subunit is
critical for high-affinity Zn>" inhibition. To clearly identify the
specific ASIC subunit(s) responsible for Zn** binding, we stud-
ied the effect of Zn*" on ASIC currents mediated by different
subunits of ASICs expressed in CHO cells. Similar to previous
reports, homomeric ASICla and ASIC1 3 responded to moderate
reductions of pH (e.g., to 6.5 or 6.0) with a transient inward
current at —60 mV (Fig. 5A). A detailed pH dose-response study
yielded a pH, 5 of ~6.2 for homomeric ASICla channels (Fig.
6A). Homomeric ASIC2a was not activated by pH drop to >5.5,
but a large current was activated after pH drop to 4.5 (Fig. 5A).
ASIC3 was activated by a moderate reduction of pH with a bipha-
sic current (fast desensitizing current followed by a sustained
component) (Fig. 5A4). Consistent with findings in native neu-
rons, bath perfusion of TPEN dramatically potentiated the cur-
rent mediated by homomeric ASICla more than twofold (n = 5;
p < 0.01). No effect was observed on currents mediated by ho-
momeric ASIC1S3, ASIC2a, or ASIC3 (n = 5-7) (Fig. 5A,B).
Baron and colleagues (2001) demonstrated that Zn** potentia-
tion of ASIC current mediated by ASIC2a-containing channels
appears only between pH 6.9 and 5.0, independent of the pH
dependence of various subunit combinations. To exclude the
possibility that the lack of TPEN potentiation of ASIC2a current
is caused by the low pH value used, we also studied the effect of
TPEN on ASIC2a current activated ata pH of 5.0 (Fig. 5C). Again,
no potentiation by TPEN (10 uM) was observed (n = 5). These
data further suggest that the lack of TPEN potentiation of ASIC2a
current is likely attributable to the lack of a high-affinity Zn*"
binding site on this subunit.

A detailed dose—response curve for TPEN potentiation of the
homomeric ASICla current was then constructed, yielding an
ECs, value of 1.4 = 0.02 uM (n = 5) (Fig. 6 B). Similar to TPEN,
the membrane-impermeant Zn>* chelator Ca**-EDTA and
ADA both potentiated the ASICla current (n = 5-12) (Fig. 6C).
In contrast, Zn?"-EDTA, which does not chelate Zn?", had no
effect (n = 5) (Fig. 6C). A Zn*" dose-inhibition curve was also
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Figure3. EvidencethatZn?" chelation potentiates the currents mediated by either homo-
meric ASICTa or heteromeric ASIC1a—ASIC2a channels in native neurons and dose-dependent
inhibition of ASIC current in cortical neurons by buffered free Zn* at nanomolar concentra-
tions. A, B, Representative traces and summary data showing TPEN potentiation of ASIC current
that is likely carried by heteromeric ASICTa—ASIC2a channels in cortical neurons. Currents in
these neurons are activated by moderate pH decrease and potentiated by 100 umZn ™, con-
sistent with the presence of ASIC1a—ASIC2a channels. C, D, Representative traces and summary
data showing TPEN potentiation of ASIC current that is likely carried by homomeric ASICTa
channelsin cortical neurons. Currents in these neurons are activated by a moderate decrease of
pH but are insensitive to 100 um Zn2™, consistent with the presence of homomeric ASIC1a
channels. £, £, ASIC currentsin acutely dissociated mature neurons are also potentiated by Zn 2+
chelation. G, Representative traces demonstrating concentration-dependent inhibition of the
ASIC current in cultured mouse cortical neurons by different concentrations of free Zn2*. ASIC
currents were activated by pH reduction from 7.4 to 6.5 at a holding potential of —60 mV. H,
Summary of Zn>" dose-inhibition relationship from six neurons with an average IC, value of
14.2 = 0.36 nm and a Hill coefficient of 0.86 = 0.01. The inhibition of ASIC currents by Zn2* is
partial, with ~30% residual current left at a concentration of Zn2* >300 nm. *p << 0.05;
**p < 0.01.
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also potentiates the ASIC current in cortical neurons from (57BL/6 mice, a wild-type control for
ASICknock-out mice; n = 5; *p << 0.05.

constructed using buffered Zn** solutions, yielding an ICy, value
of 7.0 = 0.35 nm for Zn>" inhibition of homomeric ASIC1a
current (n = 5) (Fig. 6 D).

The effect of Zn>" on ASIC currents mediated by heteromeric
ASICla—ASIC2a was also investigated in CHO cells. To ensure
that the current studied is indeed mediated by heteromeric
ASICla—ASIC2a channels, the following two criteria were used:
(1) pH dose-response demonstrated a pH, 5 of ~5.5 (Fig. 6 E),
which is different from the values for homomeric ASICla and
homomeric ASIC2a channels and close to the reported pH, 5
value for heteromeric ASICla—ASIC2a channels expressed in Xe-
nopus oocytes (Baron et al., 2001); (2) current can be potentiated
by 100-300 uMm Zn**, a characteristic for ASIC2a-containing
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channels (Fig. 6 F). Similar to homomeric

ASICla current, current mediated by het- ASIC1a
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ASIC1p ASIC2a ASIC3

eromeric ASIC1a—ASIC2a channels was
also potentiated by TPEN (Fig. 6 F,G). De-
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tailed dose-response analysis yielded an
ICs, value of 10.04 = 1.23 nm (n = 6) for
Zn** inhibition of ASIC1a-ASIC2a cur-
rent (Fig. 6 H). gl—

Involvement of extracellular lysine in

high-affinity Zn>* inhibition of the

ASIC current

Based on the finding that ASICla is the B
specific subunit conferring high-affinity
Zn>" inhibition and that inhibition is
likely caused by Zn*" binding to the ex-
tracellular site(s) of the channels, we per-
formed site-directed mutagenesis studies
to identify specific amino acid(s) involved
in the high-affinity Zn®" inhibition. In
most proteins, Zn>" is usually coordi-
nated by nitrogen, sulfur, or oxygen atoms
found in the side chains of cysteine, gluta-
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mate, and histidine residues (Glusker,
1991; Fayyazuddin et al., 2000). In addi-
tion, lysine, a positive charged residue, has
also been reported to be involved in high-
affinity Zn>* modulation of NMDA
channels (Fayyazuddin et al., 2000). Based
on these factors, the following amino acids
located in the extracellular domain be-
tween the first and second transmem-
brane segments of the ASIC1a subunit were considered as poten-
tial targets: C61, E97, E123, H173, and K133. Sequence alignment
demonstrated that these residues are found only in ASICla but
not ASIC13, ASIC2a, and ASIC3 in the comparable positions
(Fig. 7A). Noncharged residues were replaced with alanine (i.e.,
C61A,E97A,E123A, and H173A), whereas positive charged K133
was replaced with arginine (K133R). Mutations were screened by
measuring the potentiation of ASIC current by 10 um TPEN
followed by detailed Zn>* dose-inhibition analysis. When ex-
pressed in CHO cells, all mutants showed a normal response to
pH drops with similar pH,, 5 and amiloride blockade as the wild-
type ASICla (data not shown).

As shown in Figure 7, mutations of C61, E97, E123, or H173 to
alanine (A) did not significantly affect the potentiation of ASIC
current by 10 uM TPEN (Fig. 7B, C) (n = 5-9); however, muta-
tion of K133 to arginine (R) completely abolished the TPEN
potentiation (Fig. 7B, C) (n = 15). Consistent with potentiation
by TPEN, addition of 10 nm buffered 7Zn?" inhibited the current
mediated by wild-type ASICla, C61A, E97A, E123A, and H173A
mutants by 50—60% (Fig. 8 A, B); however, addition of buffered
Zn** to as high as 1 um did not inhibit the ASIC current medi-
ated by K133R mutant (n = 6) (Fig. 8C,D).

Figure 5.

Zn** chelation potentiates ASIC-mediated intracellular Ca**
increase and membrane depolarization

Increased intracellular Ca** concentration ([Ca®*],) is critical
for normal neuronal function and neuronal injury in various
neurological conditions. Previous studies have shown that acti-
vation of ASICs induced substantial increase of [Ca*"]; in corti-
cal neurons, and the entry of Ca** through ASICs is responsible
to a large extent for glutamate receptor-independent, acidosis-

Control ASICta ASIC13 ASIC2a
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ASIC3 pH5.0 TPEN

In** chelation spedifically potentiates ASIC current mediated by homomeric ASIC1a without effect on currents
mediated by homomeric ASIC13, ASIC2a, and ASIC3. A, Representative traces showing TPEN potentiation of ASIC currents medi-
ated by homomeric ASICTa channels but not by homomeric ASIC13, ASIC2a, or ASIC3 expressed in CHO cells. B, TPEN (1 pm)
potentiated the current mediated by homomeric ASIC1a by approximately twofold but had no effect on currents mediated by
homomeric ASIC13, ASIC2a, or ASIC3 at 10 wm; n = 5-7;**p < 0.01. C, Representative traces and summary data showing a lack
of potentiation by 10 v TPEN on the ASIC2a current activated by pH reduction to 5.0;n = 5.

mediated ischemic neuronal injury (Xiong et al., 2004). To know
whether high-affinity Zn*" modulation of ASICs also affects
acid-induced Ca*" entry into neurons, we performed Ca*"-
imaging experiments to study the effect of Zn** chelation on
ASIC-mediated [Ca**]; increase. In the majority of cortical neu-
rons, reduction of pH, to 6.5 in the presence of blockers of
voltage-gated Ca*" channels (e.g., 5 uM nimodipine and 3 um
w-conotoxin MVIIC) and glutamate receptors (10 um MK801
and 20 uM CNQX) induced a substantial increase in [Ca®*],, as
indicated by an increase in the intensity of 340/380 nm ratio
image. This acid-induced Ca®" increase can be blocked by the
ASIC blocker amiloride and venom of the tarantula Psalmopoeus
cambridgei (PcTX venom) (Xiong et al., 2004). Because the ma-
jority of voltage-gated Ca®" channels and glutamate receptors
are already blocked, the increase of [Ca*"]; by lowering pH
should be caused to a large extent by direct activation of ASICs.
Bath perfusion of TPEN (3 um) did not affect baseline [Ca*"];
however, it dramatically potentiated the acid-induced increase of
[Ca?™"]; (340/380 nm ratio before TPEN: 1.52 = 0.19; after 3 um
TPEN: 2.14 =+ 0.27; n = 15; p < 0.01) (Fig. 9).

Inaddition to an increase of [Ca® " |, through ASICs, activation of
ASICs has been shown to induce membrane depolarization in hip-
pocampal and retinal ganglion neurons (Baron et al., 2002; Lilley et
al.,, 2004). Membrane depolarization by ASIC activation is believed
to facilitate glutamate receptor-mediated excitatory neurotransmis-
sion (Wemmie et al., 2002). Our next experiment was to determine
whether high-affinity Zn®* modulation of ASICla-containing
channels has any impact on membrane depolarization induced by
ASIC activation in cortical neurons. Current-clamp experiments
were performed to record membrane potential as described previ-
ously (Xiong et al., 1997). As shown in Figure 10, a moderate de-
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Figure 6.  Detailed high-affinity Zn " modulation of ASIC current mediated by homomeric
ASIC1a and heteromeric ASIC1a—ASIC2a channels expressed in CHO cells. A, pH dose—response
curve for homomeric ASIC1a channels in CHO cells with pH, 5 of 6.15 == 0.08; n = 5. B, Dose-
dependent potentiation of ASICTa current in CHO cells by TPEN with an ECy, value of 1.4 == 0.02
m; n = 5.C, Inaddition to being potentiated by TPEN (n = 32), which is membrane perme-
able, homomeric ASIC1a current in CHO cells was also potentiated by membrane-impermeable
In*" chelators such as ADA and Ca ™ -EDTA (n = 5-12). The ASIC1a current was not poten-
tiated by Zn2"-EDTA, an agent that chelates other heavy-metal ions but not Zn2™; **p <
0.01.D, Dose-dependent inhibition of ASIC1a currentin CHO cells by buffered Zn > withan ICy,
value of 7.0 = 0.35nm; n = 5. £, pH dose—response curve for ASICTa—ASIC2a channels in CHO
cells with pH,  0f 5.53 == 0.24; n = 3. F, Representative traces showing TPEN potentiation of
the ASIC1a—ASIC2a currentin CHO cells. As expected for ASIC1a—ASIC2a channels, ASIC currents
in these cells were also potentiated by 300 umZn 2. G, Summary data from eight cells showing
the potentiation of ASIC1a—ASIC2a current by 10 um TPEN (2.23 == 0.11-fold) and 300 pum
In2* (1.90 = 0.07-fold); **p < 0.01. H, Dose-dependent inhibition of ASIC1a—ASIC2a current
in CHO cells by buffered Zn>* with an ICy, value of 10.04 = 1.23 nw;n = 6.

crease of pH,, from 7.4 to 7.0, which is expected to activate a small
inward current under voltage-clamp conditions, induced a signifi-
cant membrane depolarization from a holding potential of —60 to
—39.2 £ 1.5mV (n = 5;p <0.01). This depolarization was recorded
in the presence of blockers of voltage-gated Ca** channels (e.g., 5
uM nimodipine) and glutamate receptor-gated channels (10 uv MK
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801 and 20 um CNQX); therefore, it is not caused by a secondary
activation of these channels. Chelation of contaminating Zn>* by
TPEN dramatically potentiated membrane depolarization to
—12.0 £ 1.4 mV (n = 5; p < 0.01), indicating a strong tonic
inhibition on ASIC-mediated membrane depolarization by
nanomolar Zn>",

Discussion

ASICs are abundant in peripheral sensory and central neurons.
Activation of ASICs in sensory neurons may participate in noci-
ception, mechanosensation, and taste transduction. Activation of
ASICla in central neurons is involved in synaptic transmission,
learning, and memory. In pathological conditions including
brain ischemia, activation of ASICla is involved in glutamate-
independent Ca*" toxicity (Xiong et al., 2004). In the present
study, we demonstrated that the activities of ASICs in central
neurons are negatively modulated by the endogenous transition
metal ion Zn>* at nanomolar concentrations. This high-affinity
Zn** inhibition is ASICla specific. Site-directed mutagenesis
demonstrated that K133, a positively charged amino acid located
in the extracellular domain of the ASICla subunit, is involved in
high-affinity Zn>" binding to the channel.

The first evidence that nanomolar Zn** inhibits ASICs came
from the finding that removal of contaminating Zn>" from ex-
tracellular solutions dramatically increased the amplitude of
ASIC currents in mouse cortical neurons. Because most physio-
logical solutions contain contaminating concentrations of free
Zn** from 20 to 50 nm (Paoletti et al., 1997; Amar et al., 2001),
potentiation of the ASIC current by Zn>" chelation indicates that
ASICs are tonically inhibited by Zn*" at nanomolar concentra-
tions. The finding that both the membrane-impermeable Zn>*
chelators (EDTA, ADA, and DTPA) and the membrane-
permeable chelator (TPEN) had a similar effect on the current
suggests that Zn>" inhibition occurs at the extracellular side of
the membrane. More direct evidence supporting the presence of
high-affinity Zn>" inhibition at extracellular site(s) came from
the finding that addition of nanomolar concentrations of buff-
ered Zn>" to the extracellular solution dose-dependently inhib-
ited the ASIC current.

Homomeric ASICla and heteromeric ASIC1a—ASIC2a chan-
nels are the most common configurations of ASICs in CNS neu-
rons (Baron et al., 2002; Askwith et al., 2004). Our studies in
neurons from ASIC1—/— and ASIC2—/— mice demonstrated
that the absence of the ASIC2 subunit did not affect the Zn>*
inhibition of ASIC currents, whereas deletion of the ASICI gene
completely eliminated the Zn>" inhibition. Dependence on the
ASICla subunit for Zn>" inhibition was further confirmed by
the finding that Zn>" inhibits only the current mediated by ho-
momeric ASICla or heteromeric ASIC1la—ASIC2a channels ex-
pressed in CHO cells, without any effect on currents mediated by
homomeric ASIC1, ASIC2a, or ASIC3.

In most proteins, Zn>" is coordinated by nitrogen, sulfur, or
oxygen atoms in the side chains of histidine, cysteine, or gluta-
mate residues (Glusker, 1991; Fayyazuddin et al., 2000). In addi-
tion, participation of lysine as a direct coordinating group has
been demonstrated in the binuclear metal centers of several
Zn*"-containing enzymes. Mutation of histidine(s), for exam-
ple, is known to affect Zn** modulation of several ion channels
(Horenstein and Akabas, 1998; Harvey et al., 1999; Fayyazuddin
etal., 2000; Dunne et al., 2002). Similarly, mutation of lysine has
been shown to abolish high-affinity Zn*" inhibition of NMDA
channels (Fayyazuddin et al., 2000). Based on the evidence that
Zn>" inhibition of the ASIC current occurs at an extracellular site
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or sites and that the inhibition is ASICla A

dependent, we performed single point Asicla
mutations targeting potential Zn>" bind- Asiclf
ing site(s) unique to the ASICla subunit. Asic2a
Mutation of C61, E97, E123,and H173 did Asic3
not significantly affect the Zn*" inhibi-

tion of the ASIC1a current; however, mu- Asicla
tation of K133 to R completely eliminated Asiclp
the Zn>" inhibition. Itis not clear whether Asic2a
lysine is directly involved or closely asso- Asic3
ciated with the high-affinity Zn** binding

site(s). Our findings suggest, however,

that electrical repulsion may not be a B wr CE1A

mechanism for Zn?" inhibition because

replacing lysine with similarly charged ar-
ginine eliminated the Zn>" effect.

The inhibition of ASIC currents by Zn**
shares some similarity to Zn>* modulation
of NMDA channels (Chen et al., 1997; Pa-
oletti et al., 1997; Fayyazuddin et al., 2000):
(1) both inhibitions take place at nanomolar
concentrations; (2) both inhibitions are par-
tial, with maximal inhibition reached at 70—
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80%; (3) both inhibitions are voltage inde-
pendent; and (4) at least one positively
charged residue (K133 for ASIC and K233
for NMDA channel) is involved.

The reported concentration of free
Zn>" in physiological fluids is quite low.
In equine and bovine plasma, for example,
free Zn>" is reported to be <0.5 nm (Mag-
neson etal., 1987; Zhang and Allen, 1995).
Inthe CNS, Zn?" is sequestered in vesicles
at glutamatergic nerve terminals and can be released into the
synaptic cleft during excitatory stimulation (Smart et al., 1994).
The exact level of free Zn>™ in the synaptic cleft is not known and
difficult to deduce. For high-affinity Zn>" inhibition to play a
dynamic role in synaptic transmission, the extracellular free
Zn*" needs to be reduced to below 10 nu after its release. This
would require the presence of a high-affinity Zn>* uptake sys-
tem. Recent cloning of Zn" transporters in mammalian brains
(Palmiter and Findley, 1995) and the finding of both high- and
low-affinity Zn>" uptake mechanisms at neuronal presynaptic
terminals (Howell et al., 1984; Wensink et al., 1988; Palmiter et
al., 1996a,b) strongly suggest that a dynamic change in Zn**
concentration in the nanomolar range might be possible.

Mild acidosis and moderate activation of ASICs is expected to
induce membrane depolarization and facilitate glutamate
receptor-mediated excitatory neurotransmission (Baron et al.,
2002; Wemmie et al., 2002; Lilley et al., 2004). Our data show that
in mouse cortical neurons, decreasing pH to 7.0 induced a mem-
brane depolarization of ~20 mV. With Zn>" chelated by TPEN,
the same pH decrease induced a depolarization of up to 50 mV.
This dramatic depolarization should enhance activation of
voltage-gated Ca®* and NMDA channels, thus facilitating exci-
tatory synaptic transmission. Release of Zn>" and inhibition of
ASICs as well as NMDA channels (Westbrook and Mayer, 1987;
Peters et al., 1987) therefore may serve as a negative feedback
mechanism to maintain neuronal excitation at a moderate level.
Consistent with an inhibitory role of synaptically released Zn>*
in neuronal excitation, Cole and colleagues (2000) have demon-
strated that Zn2" transporter 3 knock-out mice, which lack his-
tochemically reactive Zn>" in synaptic vesicles, were much more
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Mutagenesis scan to identify amino acid residues involved in high-affinity Zn>* inhibition and effect of Zn>*
chelation on ASIC current mediated by various mutant ASIC1a channels expressed in CHO cells. A, Alignment of ASIC1a, ASIC13,
ASIC2a, and ASIC3 identifies potential Zn 2+ interactionsites (C, E, H, and K residues) that were presentin ASIC1a but not conserved
at homologous positions in ASIC13, ASIC2a, and ASIC3. B, Representative traces showing TPEN potentiation of ASIC current
mediated by WT, C61A, H173A, E97A, E123A, and K133R mutant ASICTa channels. Mutation of K133 to R eliminated TPEN
potentiation of the ASIC1a current. C, Summary data showing relative increase in the amplitude of ASIC current mediated by WT
ASIC1a and different mutant channels by bath application of 10 wm TPEN; n = 5-32; **p << 0.01.

susceptible to kainic acid-induced limbic seizures than wild-type
mice. Similarly, studies by Blasco-Ibanez et al. (2004) demon-
strated that chelation of synaptic zinc induced overexcitations of
hilar mossy cells in rat hippocampus. In pathological conditions
such as brain ischemia during which severe acidosis occurs, a
moderate increase of Zn>" in the extracellular space may serve as
a neuroprotective measure through its inhibition of ASICs and
NMDA channels. In contrast, abnormal increase of extracellular
Zn?" is reported to be neurotoxic (Choi et al., 1988; Koh and
Choi, 1994) because of the entry of Zn 2* into neurons (Koh et al.,
1996).

Similar to central neurons, ASICla is highly expressed in sen-
sory neurons where ASICs function in nociception. High-affinity
Zn*" inhibition of ASICla-containing channels therefore may
have an impact on pain sensation. Consistent with this idea, it has
been shown recently that chelation of Zn>* in spinal cord fluid
produced hyperalgesia, whereas Zn>" injection produced an an-
tinociceptive effect (Larson and Kitto, 1997). In addition, [zumi
and colleagues (1995) demonstrated that Zn’* deficiency in rats
caused sensitization of nociceptive C-fibers. Although inhibition
of NMDA channels could be a potential mechanism underlying
some of the Zn>" effects, it is reasonable to speculate that inhi-
bition of ASICs may be an alternative explanation for the Zn>"-
mediated antinociceptive effect.

Our studies suggest that Zn>" differentially modulates the
activities of homomeric ASICla and heteromeric ASICla—
ASIC2a channels. For homomeric ASICla channels, Zn>" has
only an inhibitory effect through its interaction with the high-
affinity binding site(s) (involving K133) on the ASICla subunit,
resulting in reduced proton binding to the channel. For ASICla—
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Figure 8.  Fffect of buffered Zn>* on ASIC current mediated by WT and mutant ASIC1a
channels in CHO cells. A, Representative traces showing inhibition by 10 nm free Zn* on ASIC
current mediated by WT, C61A, H173A, E97A, E123A, and K133R mutant ASICTa channels ex-
pressed in CHO cells. Mutation of K133 to R eliminated Zn2* inhibition of ASIC1a current. 8,
Relative amplitude of ASIC1a current mediated by WT and different mutant ASIC1a channels in
the presence of 10 nmfree Zn2*; n = 4-16., D, Dose-dependent inhibition of WT and K133R
mutant ASIC1a channels by buffered Zn>*. Zn2* inhibits the current mediated by WT ASIC1a
channels with an IC, value of 7.0 == 0.35 nm (n = 5); however, it has no inhibition on K133R
mutant channels with concentrations as high as 1000 nm (n = 6); **p < 0.01.
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cortical neurons. A, Representative 340/380 nm ratio demonstrating changes in [Ca** ], in-
duced by pH decrease in the absence and presence of 3 um TPEN. Amiloride (100 ) almost
completely blocked [Ca®"]; increase by low pH in both the absence and presence of TPEN. 8,
Summary data demonstrating increase in 340/380 nm ratio by pH decrease in the absence and
presence of TPEN; n = 15. To block potential Ca* entry through glutamate receptors and
voltage-gated Ca** channels, 10 zum MK801, 20 um CNQX, and 5 um nimodipine were in-
cluded in all solutions.
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Figure10. Zn>" chelation potentates acid-induced membrane depolarization in cultured
mouse cortical neurons. A, Representative traces showing membrane depolarization induced
by pH reduction from 7.4 to 7.0 in the absence and presence of TPEN (3 wm). B, Summary data
showing the amplitude of membrane depolarization induced by pH reduction before and after
3 uum TPEN. To block secondary activation of glutamate receptors and voltage-gated Ca™
channels, 10 pum MK801, 20 v CNQX, and 5 um nimodipine were included in all solutions.

ASIC2a channels, however, a complex bidirectional modulation
by Zn>* exists. At low nanomolar concentrations, Zn>* inhibits
the channel by binding to a high-affinity site on the ASICla sub-
unit. This inhibition saturates at high nanomolar concentrations.
As the concentration increases to high micromolar (~100 um),
Zn*" binds to low-affinity site(s) on the ASIC2a subunit (involv-
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ing H162 and H339), resulting in increased affinity for proton
binding and potentiation of ASIC currents (Baron et al., 2001).
One alternative explanation, however, could be that binding of
Zn** to the low-affinity site(s) somehow interferes with the
high-affinity binding site, thus reducing Zn>" inhibition of the
ASIC current. This idea is supported by the finding that potenti-
ation of ASICla—ASIC2a currents by high concentrations of
Zn>" takes place only in the absence of a Zn*" chelator. When
compared with the amplitude of ASIC currents in the presence of
10 uM TPEN, however, the net effect by addition of 300 M Zn**
is actually a minor reduction of the current (Fig. 6G).

Different from homomeric ASICla, heteromeric ASICla—
ASIC2a channels do not have substantial Ca*" permeability. Ac-
tivation of ASIC1a—ASIC2a channels is therefore unlikely to be
directly involved in Ca*" toxicity. Similar to homomeric ASICla
channels, however, activation of ASIC1a—ASIC2a is expected to
induce membrane depolarization, which may facilitate Ca** en-
try through voltage-gated Ca®* and NMDA channels. In this
regard, high-affinity Zn>* inhibition of ASICla~ASIC2a chan-
nels may also play a role in preventing neurons from overexcita-
tion in both physiological and pathological conditions. When the
concentration of extracellular Zn>" reaches high micromolar
levels (e.g., >100 um), however, an enhancement rather than
inhibition of ASIC1a—ASIC2a channels takes place. This en-
hancement may partially explain the increased neuronal excita-
tion and neurotoxicity seen with nonphysiological high concen-
trations of extracellular Zn>" (Choi et al., 1988).
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